Abstract. Radiation is a therapeutic strategy for the treatment of cancer, and is also used for the treatment of hepatocellular carcinoma. MicroRNAs (miRs) are endogenous, non-coding single-stranded RNA molecules, which regulate gene expression at the post-transcriptional level. In the present study, the roles of miR-34a-mediated glycolysis in radiation sensitivity were investigated. By establishing a radioresistant liver cancer cell line, the present study compared the expression level of miR-34a from radiosensitive and radioresistant cells using the reverse transcription-quantitative polymerase chain reaction. The glucose uptake and lactate production were also compared between the two types of cells. The results demonstrated that miR-34a acted as a tumor suppressor in human hepatocellular cancer cells. Following comparison of radiosensitive and radioresistant cancer cells, the results of the present study demonstrated that miR-34a was negatively correlated with radiation resistance; and levels of miR-34a were significantly downregulated in the HepG2 radioresistant cells. Furthermore, the rate of glycolysis in the radioresistant cells was elevated, and there was evidence that glucose uptake and lactate production increased. Lactate dehydrogenase A (LDHA), which is a key enzyme in the glycolysis signaling pathway, was found to be a target of miR-34a in hepatocellular cancer cells. Notably, the overexpression of miR-34a re-sensitized HepG2 radioresistant cells to radiation treatment by inhibiting LDHA. The results of the present study revealed a negative correlation between miR-34a and glycolysis, caused by the targeting of LDHA-34a, providing a novel mechanism for miR-34a-mediated radioresistance.
Introduction
Hepatocellular carcinoma is one of the most common types of cancer worldwide, and is the third most common cause of cancer-associated mortality (1) . Patients with hepatocellular carcinoma have a poor prognosis, with a 5-year survival rate of only 3-5% (2) . Radiation has been used in cancer therapy for several decades, and has been integrated into one of the treatments strategies for hepatocellular carcinoma (3) . Despite initial promising clinical responses, there is increasing evidence that hepatocellular carcinoma can acquire resistance to radiation (4, 5) . Although the mechanism underlying radioresistance remains to be fully elucidated, several factors affecting the sensitivity of radioresistant cancer cells have been identified, and investigations are continuing to examine combination treatments using novel strategies, which may allow for decreased dosage and enhanced sensitivity to radiation (5) .
MicroRNA (miRNA; miR) is non-coding single-stranded RNA of ~22 nucleotides in length (6) . Although miRNAs are generally downregulated in cancer, several studies have shown that aberrant miRNA expression is correlated with the development and progression of cancer (7) (8) (9) . It has been reported that miRNAs affect numerous cancer-associated processes, including proliferation, cell cycle control, apoptosis, differentiation, migration and metabolism (8) (9) (10) . Therefore, miRNAs may be used as biomarkers for diagnosis, and may be vital targets for cancer molecular therapies.
The miR-34 family consists of three closely associated miRNAs; miR-34a, miR-34b and miR-34c (11) . The miR-34 members have been reported to be important downstream effectors of the p53 tumor suppressor (11) . In addition, canonical p53 target sites are present in the miR-34 promoters (12) . miR-34a has been investigated as a key regulator of tumor suppression (13) . The reported miR-34a targets include B cell lymphoma 2, Notch1, cyclin D1, cyclin E2, cyclin-dependent kinase 4, MET and sirtuin 1 (14) , suggesting that miR-34a may serve as a cancer therapeutic target.
Lactate dehydrogenase-A (LDHA) is one of the predominant isoforms of LDH, regulating the conversion of pyruvate to lactate of the cellular glycolytic process (15) . Previous studies have demonstrated that the expression of LDHA in cancer cells is associated with radiotherapy sensitivity (16) . In addition, LDHA has been demonstrated to contribute to paclitaxel resistance in breast cancer (17) , indicating that LDHA may be a therapeutic target for overcoming drug resistance or radioresistance. In the present study, the roles of LDHA in radiation resistance were investigated in order to identify novel mechanisms underlying miR-34a-mediated radioresistance in human hepatocellular cancer. Gy with 6 MV X-rays, generated using a Siemens accelerator (KD-2; Siemens AG, Munich, Germany) at an average dose rate of 200 cGy/min. The cells were trypsinized (Sigma-Aldrich) and re-plated at a density of 1x10 6 cells/well in the cell culture dish in the incubator for 16 h at 37˚C, followed by the downstream analysis. Cells were counted using a TC20™ Automated Cell Counter (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the manufacturer's protocols.
Materials and methods

Cell
Establishment of radioresistant cell lines.
A radioresistant hepatocellular carcinoma cell line was generated using HepG2 parental cells, by exposing the cells to repeated irradiation for a duration of 3 months. Cells were counted and passaged for culture overnight. Cells were treated with 10 Gy X-ray generated using a Siemens accelerator (KD-2). Cells were cultured in medium prior to the next passage on day 5. This was repeated every 2 weeks until radioresistant cell sublines were established. Numerous radioresistant cell clones were developed and pooled for the following experiments.
Reagents and antibodies. The antibodies used in the present study were rabbit anti-human polyclonal LDHA (cat. no. 2012; Cell Signaling Technology, Inc., Danvers, MA, USA) and rabbit anti-human polyclonal β-actin (cat. no. 4967; Cell Signaling Technology, Inc.). The transfection reagent kit containing Invitrogen Lipofectamine ® 2000 transfection reagent, and Applied Biosystems miRNA precursor (pre-miRNA-34a) and control miRNAs (control-miRNAs) were purchased from Thermo Fisher Scientific, Inc.
Pre-miRNA or anti-miRNA transfection. The miRNA precursors (pre-miRNAs) and miRNA control (control-miRNA) were transfected into the cells using Lipofectamine ® 2000. At 48 h post-transfection, the expression levels of miR-34a were quantified using reverse transcription-quantitative polymerase chain reaction (RT-qPCR), and the protein expression levels of LDHA, a target of miR-34a, were determined using western blotting.
Quantification of the expression levels of miR-34a. For the analysis of miRNA expression levels, RTq-PCR was performed. RNA was isolated from cultured cells using the RNeasy Mini kit (Qiagen GmbH, Hilden, Germany) with an on-column DNase digestion step, according to the manufacturer's protocols. The quality and quantity of total RNA samples was checked by agarose gel electrophoresis and using the Bioanalyzer RNA 6000 Nano assay (Agilent Technologies GmbH, Waldbronn, Germany). The RNA was polyadenylated by poly(A) polymerase (New England BioLabs, Inc., Ipswich, MA, USA) and reverse transcribed into cDNA with a Promega reverse transcription kit (Promega Corporation, Madison, WI, USA) according to the manufacturer's instructions. qPCR was performed in a 20-µl reaction containing 1 µl TaqMan ® Small RNA Assay (20X; Thermo Fisher Scientific, Inc.), 1 µl cDNA, 0.5 µl miRNA primers (20 mmol/l; Invitrogen; Thermo Fisher Scientific, Inc.), 10 µl TaqMan ® Universal PCR Master Mix II (2X; Thermo Fisher Scientific, Inc.) and 7.5 µl nuclease-free water. The reaction mixtures were incubated at 95˚C for 15 min, followed by 40 cycles at 95˚C for 10 sec, at 60˚C for 30 sec and at 72˚C for 30 sec, running on a Mx3000P™ thermocycler (Agilent Technologies, Inc., Santa Clara, CA, USA). The miRNA primer sequences were as follows: Sense, 5'-CGC TTC GGC AGC ACA TAT ACTA-3' and antisense, 5'-CGC TTC ACG AAT TTG CGT GTCA-3' for U6 small nuclear RNA (snRNA); and sense, 5'-TTT AAG CTT ATG CGC CCT GCC-3' and antisense, 5'-TTT CTC GAG AGA GCT TCC GAA GTC CTGG-3' for miR-34a. Quantitative miRNA expression level data were analyzed by MxPro software (Agilent Technologies, Inc.) and the normalization was performed with U6 snRNA. The miRNA was quantified using the formula: ΔCqmiRNA = CqmiRNA -CqU6 (12, 17) . All reactions were performed in triplicate.
Plasmid DNA and small interfering (si)RNA transfection. Transfection was performed using Lipofectamine ® 2000 transfection reagent, according to the manufacturer's protocol. Overexpression vectors containing wild-type LDHA (cat. no. RC209378) were purchased from Origene Technologies, Inc. (Rockville, MD, USA). The Invitrogen siLDHA and negative control siRNA were purchased from Thermo Fisher Scientific, Inc. At 48 h post-transfection, the cells were collected and the whole-cell lysates were prepared using the Mammalian Protein Extraction reagent (Pierce Biotechnology, Inc., Rockford, IL, USA) for further analysis.
Glucose uptake and lactate product assays. Glucose levels were determined using a Glucose Assay kit (BioVision, Inc., Milpitas, CA, USA), and glucose consumption was calculated as the difference in glucose concentration between the original media and the media from the cell cultures. Absorbance was measured at 563 nm using a Spectra Max M5 plate reader (Molecular Devices, LLC, Sunnyvale, CA, USA). Extracellular lactate levels were measured in the cell culture media using a Lactate Assay kit (BioVision, Inc.), according to the manufacturer's protocol. The results were normalized to the quantity of total protein in the control cells.
Cell viability assay. Following irradiation treatments, 5x10
4 cells were added to each well of the 96-well plates and incubated for 24 h at 37˚C. The present study used irradiation treatment doses of 0, 2, 4, 8, 16 or 20 Gys. Sensitivities to these radiation treatments were determined using an MTT assay. The incubation medium was removed, and 50 µl MTT solution (1 mg/ml; Sigma-Aldrich) was added to each well prior to incubation for a further 4 h. Following incubation at 37˚C, 200 µl dimethyl sulfoxide (Sigma-Aldrich) was added to each well. The optical density values were measured at 570 nm using a ELx808™ Absorbance Microplate Reader (BioTek Instruments, Inc., Winooski, VT, USA). All experiments were repeated at least twice.
Western blot analysis. Total protein was extracted using Mammalian Protein Extraction reagent and the protein concentration was measured using the Bradford assay (Bio-Rad Laboratories, Inc.). The protein concentrations were measured by reading the absorbance at a wavelength of 595 nm on the ELx808™ Absorbance Microplate Reader. An equal quantity (50 µg) of protein from each cell line was loaded per lane and separated on 10% SDS-PAGE (Bio-Rad Laboratories, Inc.). The gels were electroblotted onto nitrocellulose membranes (Novex, San Diego, CA, USA) and blocked overnight at room temperature with 1X Tris-buffered saline with 0.1% Tween (Bio-Rad Laboratories, Inc.) and 4% non-fat dry milk. The membranes were then probed with primary antibodies against LDHA or β-actin at 1:1,000 dilution at 37˚C. The bound antibodies were then detected using goat anti-rabbit polyclonal peroxidase-coupled secondary antibodies (1:3,000; Cell Signaling Technology, Inc.; cat. no. 7074) for 1 h at 37˚C prior to detection with a Super Signal Enhanced Chemiluminescence kit (Pierce Biotechnology, Inc.).
Prediction of miR-34a targets.
The putative targets of miR-34a were predicted from the public miRNA database, TargetScan (www.targetscan.org) by searching the 3'-untranslated region of mRNA, which contains a highly conserved binding site for miR-34a.
Statistical analysis.
Statistical evaluation for data analysis was determined using an unpaired Student's t-test. Student's t-test was calculated using GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA) to assess for statistical differences. All data are presented as the mean ± standard error of the mean. P<0.05 was considered to indicate a statistically significant difference.
Results
miR-34a is downregulated in human hepatocellular carcinoma cells and correlates with radiation sensitivity.
As previous studies demonstrated that miR-34a acts as a tumor suppressor in several types of tumor (11) (12) (13) (14) , the present study examined the expression levels of miR-34a in human hepatocellular carcinoma cells, which were then compared with normal CL-48 hepatocyte cells. As expected, the expression levels of miR-34a were significantly downregulated in the hepatocellular carcinoma cell lines, compared with the normal hepatocyte cell line (Fig. 1A) , suggesting miR-34a may act as a tumor suppressor in hepatocellular carcinoma cells. The roles of miR-34a in radiation sensitivity were also investigated. The cells were transfected with pre-miR-34a for 48 h, followed by exposure to radiation treatments between 0 and 6 Gy. Overexpression of miR-34a in the HepG2 and Huh-7 cells (Fig. 1B) significantly decreased cell viability, compared with the control miRNA (Fig. 1C) , indicating the potential for miR-34a to be applied clinically to enhance the radiosensitivity of hepatocellular carcinoma.
Radioresistant hepatocellular carcinoma cells exhibit lower expression levels of miR-34a.
The correlation between the expression of miR-34a and radioresistance in cancer cells remains to be fully elucidated. To investigate the mechanisms underlying miR-34a-mediated radiation sensitivity, a radioresistant hepatocellular carcinoma cell line was generated using HepG2 parental cells, by exposing the cells to repeated irradiation for a duration of 3 months. Numerous radioresistant cell clones were developed and pooled for the following experiments. To verify radioresistance, the parental cells and radioresistant cells were treated with various doses of radiation(2-20 Gy). Subsequent cell viability assays demonstrated that the radioresistant HepG2 cells tolerated treatment with higher doses of radiation, compared with the parental (sensitive) cells, which exhibited a significant inhibition in viability between 4 and 20 Gy (Fig. 2A) . As expected, the expression levels of miR-34a in the HepG2 radioresistant cells were significantly downregulated (Fig. 2B) , compared with the parental cells, indicating that miR-34a may serve as a therapeutic agent for selection in the treatment of radioresistant cancer patients.
Glucose metabolism is upregulated in radioresistant HepG2 cells through the induction of the expression of LDHA.
It has previously been reported that enhanced aerobic glycolysis causes acquired radioresistance in human tumor cells (18) , indicating that dysregulated glucose metabolism may contribute to radioresistance. In the present study, glucose uptake and lactate production were measured, which reflected the activity of glycolysis. As shown in Fig. 3A and B, glucose uptake and lactate production in the HepG2 radioresistant cells were upregulated, compared with the parental cells. LDHA catalyzes the interconversion between pyruvate and L-lactate, which is further secreted from the cells (15) . Therefore, the upregulation of LDHA may serve as a marker for increased glycolysis in cancer cells (15) . Treatments with radiation at low doses (0.1 and 0.5 Gy) induced the expression of LDHA in the HepG2 cells (Fig. 3C) . Concordantly, the expression of LDHA was upregulated in the radioresistant HepG2 cells (Fig. 3D) , indicating that LDHA was involved in the radioresistance of hepatocellular carcinoma cells. To investigate whether the increase in glycolysis in the radioresistant HepG2 cells occurred via the increased expression levels of LDHA, the expression of LDHA was knocked down by siRNA to monitor the rate of glycolysis. As expected, the levels of glucose uptake and lactate production were lower in the LDHA-knockdown radioresistant HepG2 cells (Fig. 3E and F) .
LDHA is a target of miR-34a in hepatocellular carcinoma cells.
To further examine the potential association between dysregulated expression levels of miR-34a and increased glycolysis in radioresistant hepatocellular carcinoma cells, an miRNA database was accessed to identify potential miR-34a targets that may contribute to radiation resistance. The public miRNA database, TargetScan, predicted that LDHA may be a target of miR-34a, and that the 3'-untranslated region of LDHA contains a highly conserved binding site for miR-34a (Fig. 4A) . To determine whether miR-34a targets LDHA in human hepatocellular carcinoma cells, pre-miR-34a was transfected into HepG2 and Huh-7 cells. The overexpression of miR-34a markedly downregulated the protein expression levels of LDHA in the two cell lines (Fig. 4B) , indicating that miR-34a-mediated radiosensitivity may act through the inhibition of glycolysis by targeting LDHA.
Overexpression of miR-34a resensitizes radioresistant HepG2
cells to radiation through the inhibition of LDHA. The data described above revealed a potential role for miR-34a in radioresistance and the regulation of glycolysis. Therefore, the present study hypothesized that the downregulation of LDHA by the overexpression of miR-34a in hepatocellular carcinoma cells may resensitize radioresistant cells to radiation treatment. To confirm this hypothesis, the HepG2 radioresistant cells were transfected with pre-miR-34a and, after 48 h, the cells were subjected to radiation treatment at various concentrations for 24 h. As shown in Fig. 5A , the overexpression of miR-34a significantly resensitized the resistant cells to radiation treatment. In addition, glucose uptake (Fig. 5B left) and lactate production (Fig. 5B right) were decreased following transfection of the HepG2 radioresistant cells with miR-34a. To further support these results, the expression of LDHA was recovered by transfecting the miR-34a pre-transfected radioresistant cells with an LDHA expression vector (Fig. 5C) . The recovery of LDHA increased the resistance of the HepG2 cells to radiation (Fig.5D ), indicating that miR-34a-mediated radiosensitivity occurred through the inhibition of LDHA.
Discussion miR-34a has been recognized as a key regulator of tumor suppression (11) (12) (13) (14) . Furthermore, several studies have reported that miR-34a modulates anticancer drug responses in multiple types of cancer. It has been reported that the ectopic overexpression of miR-34a increases sensitivity to doxorubicin (19) , 5-fluorouracil (20) , Erlotinib (21) and Taxol (22) treatment. In the present study, miR-34a was found to be involved in the resistance of human hepatocyte cancer cells to radiation. The expression of miR-34a was downregulated in human hepatocyte cancer cell lines, compared with normal hepatocytes. In addition, the overexpression of miR-34a contributed to radioresistance, which was concordant with previous reports demonstrating that miR-34a acts as a tumor suppressor and confers chemosensitivity (11) (12) (13) (14) . The majority of cancer cells rely on aerobic glycolysis to generate the energy required for cellular processes. By contrast, normal differentiated cells rely primarily on mitochondrial oxidative phosphorylation (23) . Therefore, dysregulated anaerobic glycolysis has been associated with drug resistance and radioresistance in cancer (23) . It has been reported that LDHA contributes to paclitaxel (17) and trastuzumab (24) resistance. Furthermore, radiation induces aerobic glycolysis through 
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addressed. The results of the present study demonstrated that radioresistant cancer cells exhibit upregulated levels of glycolysis and downregulated expression levels of miR-34a.
To the best of our knowledge, the present study is the first to describe a direct association between glycolysis and radioresistance in human liver cancer. A TargetScan database search in the present study identified LDHA as a target of miR-34a, and the results demonstrated that overexpression of miR-34a inhibited glycolysis by targeting LDHA, leading to sensitization of radioresistant cancer cells to radiation. Radiation therapy generates free radicals, which damage DNA in order to induce cancer cell apoptosis. Generally, ionizing radiation induces reactive oxygen species in targeted cells, leading to genomic instability and lipid peroxidation (26) . Of note, excessive lactate produced by cancer cells has been reported to be an antioxidant, which may counteract the reactive oxygen species generated by irradiation (27) . Therefore, it is possible that the accumulation of lactate surrounding a tumor may contribute to its radioresistance. The results of the present study demonstrated a significant correlation between the expression of LDHA and radioresistance. The inhibition of LDHA by miR-34a resensitized the radioresistant cells to irradiation, and the restoration of LDHA in the miR-34a-overexpressing cells reversed the resensitization, suggesting that targeting LDHA may be a therapeutic strategy for the treatment of radiation resistance. Future investigation aim to identify potential glycolysis inhibitors, in order to investigate whether the administration of these inhibitors in combination with radiation treatments exhibits synergistic effects on hepatocellular carcinoma cells. In addition, the use of a mouse model offers potential in verifying the phenotypes.
In conclusion, the present study demonstrated a marked correlation between miR-34a-mediated glycolysis and radiation resistance, and provides novel insights into the role of LDHA in anti-radioresistance therapy.
